The teeth of the Homo erectus child (Garba IV), recovered from Melka Kunture Ethiopia and dated to 1.5 MY, are characterized by generalized enamel dysplasia, reduced enamel radio-opacity and severe attrition. This combination of features is found in a large group of hereditary, generalized enamel dysplasias, known as amelogenesis imperfecta (AI). SEM studies carried out on epoxy replicas of teeth from the Garba IV child, confirmed that the defects noted were developmental and not due to diagenesis. The enamel prism arrangement was abnormal and there were deep vertical furrows lacking enamel on both buccal and lingual surfaces of all molars. The lesions differ from those characteristic of linear enamel hypoplasia which form discrete horizontal lesions or pits within otherwise normal enamel. We propose that the Garba IV child is the earliest example of AI and provides a link between palaeoanthropology and molecular biology in investigations of the evolutionary history of genetic disorders.
Introduction
The Garba IV child was found in level E at Melka Kunture, Ethiopia during the 1981-82 excavations (D'Andrea et al., 2002; Kieffer et al., 2002; Chavaillon and Piperno, in press ). It has been dated to circa 1.5 MY and assigned to Homo erectus based on morphometric analysis of the teeth and mandibular corpus (Condemi, in press ). The specimen comprises part of the right side of the mandible of a young child with the empty socket of the right deciduous canine, a much worn first deciduous molar (dm1) and unworn second deciduous molar (dm2). The lingual surface of the mandibular corpus is broken revealing part of the
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developing permanent lateral incisor and canine anteriorly, and exposing the first permanent molar (M1) posteriorly. The crown of the M1 is complete together with some two mm of root, but is still deep in the jaw and covered by bone (Fig. 1a) . The roentgenograph of Garba IV (Fig. 2a ) shows that the apices of the roots of the second deciduous molar are still patent, while crown formation of the permanent second premolar is just beginning. The stage of dental development suggests an age of approximately three years using modern standards of tooth development (Morrees et al., 1963; Liversidge et al., 1999) or two years assuming more precocious dental development in fossil hominids (Bromage and Dean, 1985; Dean et al., 1993; Holly Smith, 1986) . Whatever age estimate is used, the dm1 would have been in Fig. 1 . a, Lingual view of the Garba IV mandible. Note the severe attrition of the dm1 and irregular wrinkled occlusal surfaces of the dm2 and M1. b, Intraoral photograph of the upper deciduous teeth of a 3 year old girl with hypocalcified amelogenesis imperfecta. Note the severe attrition of the upper incisors and dm1 resembling Garba IV dm1 and irregular occlusal morphology of the dm2. (SK 55b) . Note the relative opacity of enamel, dentin and bone and the low contrast between enamel and dentin in specimens in figs 2a and 2b and the early loss of occlusal enamel, considered characteristic of hypocalcified AI. In both these individuals the M1 is still unerupted and separated from the occlusal surface by the roof of the bony crypt. They differ from the highly fossilized SK55b specimen, where no internal morphology can be detected, and where despite the more advanced dental age, attrition of the deciduous teeth is less pronounced.
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occlusion for a maximum of one and a half years and presumably the child had not been completely weaned. Despite this young age, half of the crown of the dm1 had already been worn away by attrition, indicating a major abnormality of the enamel.
Tooth size in the Garba child is similar to that of other Homo erectus specimens (Table 1) , but the enamel is abnormal in appearance. All the Garba teeth show numerous irregularities of the enamel surface associated with defective enamel development. These include enamel pitting and vertical grooves or clefts on the buccal and lingual surfaces of all teeth. They differ from the localized defects seen in enamel hypoplasia that are associated with localized, time-related, developmental disturbances during enamel formation (Sarnat and Shour, 1941; Shafer et al., 1997) . The unworn dm2 and M1 Garba exhibit extensive wrinkling of the occlusal surfaces as well as numerous additional marginal cuspules (Fig. 1a) . Tobias (1986) , noted the presence of occlusal wrinkling in australopithecine molars, and suggested that this might be an expression of hypoplasia. However, the condition as described by him was not associated with the presence of enamel defects elsewhere on the teeth. Linear enamel hypoplasia attributed to developmental stress has been recorded in most living and fossil primates and appears to have been fairly common in australopithecines as well as other early hominids (White, 1978; Brunet et al., 2002; GuatelliSteinberg, 2003; Skinner and Newell, 2003) . It occurs as discrete lesions within otherwise normal enamel and the location of the defects represents the timing of the developmental insult. Since the teeth develop at different times, the location of the defect varies from tooth to tooth. This differs from the condition seen in AI, where all teeth are affected in similar regions because of an inherited defect in enamel formation. This condition encompasses a broad spectrum of genetic diseases affecting enamel formation in both primary and permanent teeth and causing different combinations of enamel hypomaturation, hypomineralization and hypocalcification (Aldred et al., 2003) . AI in which hypomaturation and hypocalcification predominate, is associated with difficulty in eating and drinking, because of pain from even minor temperature changes or sweet and sour foods. The crowns of the teeth are rapidly worn away as the enamel crumbles, affecting the vertical dimensions of the face. While wrinkling and additional cuspules are not pathognomic of amelogenesis imperfecta, they are frequently found in children with this condition (Fig. 1b) .
A more diagnostic characteristic is the roentgenographic appearance of the enamel in clinical cases of hypocalcified/hypomaturation AI (Witkop and Sauk, 1976; Witkop and Stewart, 1982) . Normal mature enamel contains less than 4% of organic matrix. Bone and dentine contain well over 30% organic matrix, thus they are far less radio-opaque than the enamel of normal teeth. The difference in ratio of organic to mineralized components also means that fossilization will affect the opacity of enamel far less than that of bone and dentine. In hypocalcified/hypomaturation AI, mineralization is impaired, so that the opacity of the enamel is reduced and similar to that of (Wood, 1991) 8.8 6.8 11.7 9.3 Sinanthropus (Weidenreich, 1937) N=7 11.3 9.3 "Modern children" (Fearne and Brook, 1993) 7.61 0.56 6.69 0.47 9.55 0.56 8.86 0.49 (Axelsson and Kirveskar, 1984 in Liversidge et al., 1999) 7.90 0.46 7.30 0.39 10.03 0.56 9.06 0.38
O F dentine and bone. As can be seen in Fig. 2a and b, the opacity of the enamel, dentine and bone in the Garba specimen is identical to that seen in modern cases of AI, with little differentiation between enamel and dentine, but excellent definition of the internal trabeculae of the bone, tooth roots and pulp cavities. This picture contrasts markedly with that seen in hypermineralized fossil jaws, such as the Swartkrans child SK55b shown in Fig. 2c , where little internal definition is visible in either the bone or teeth. The combination of reduced radio-opacity, abnormally severe attrition, enamel defects and wrinkling in the Garba IV teeth was considered indicative of AI. In order to confirm this diagnosis we examined the ultrastructure of the enamel matrix from epoxy replicas under the SEM.
Methods and materials
Epoxy resin casts were made from silicone impressions of the Garba IV teeth. To minimize air bubbles the silicone impression was placed in a vacuum chamber together with a fresh mixture of low viscosity epoxy resin for five minutes and then Fig. 3 . a, SEM 30 of the worn occlusal surface of the dm1 in Garba IV. Note the smooth appearance of the surface and lack of definition of the enamel rim. b, SEM 30 of an exfoliated upper dm1 from a 10 year old child with normal enamel. Note the islands of enamel still present on the occlusal surface as well as the well differentiated enamel rim. c, SEM 160. Note the absence of differentiation between exposed dentin and the enamel rim in the Garba child, in contrast to the well defined enamel rim in the modern tooth d. (2004) 
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filled with the resin and returned to the vacuum chamber for an additional five minutes. The epoxy was left overnight at room temperature to harden and then peeled away from the silicone impression. The casts were coated with colloidal gold and examined under a scanning electron microscope at magnifications ranging from 30-2000, and compared with a normal exfoliated deciduous tooth with attrition into dentin (Figs. 3 and 4) .
Results
The abraded occlusal surface of Garba dm1 (Fig. 3a and c) lacks the well defined enamel rim with sharp edges at the enamel-dentin margin seen in the normal tooth ( Fig. 3b and d ) and enamel and dentin show a similar smooth surface. The unworn surfaces of the dm2 and M1 are excessively wrinkled, with numerous small cuspules especially on the occlusal margin, while the buccal fissures are deep and lack enamel at their bases ( Fig. 4a and c) . At high magnification the enamel surface shows a mosaic appearance with numerous shallow pits identical to those reported in modern patients with AI (Fig. 4b) . Taken in conjunction with the reduced enamel radio-opacity and severe attrition, the findings are indicative of amelogenesis imperfecta (AI) (MIM #301200) (Witkop and Sauk, 1976; Backman et al., 1989) . 
AI has been classified into 14 different subtypes according to the clinical appearance of the enamel and mode of inheritance (Witkop and Sauk, 1976; Aldred et al., 2003) . The prevalence of AI has been reported as 1:14,000 in the USA (Witkop and Sauk, 1976) , 1:8000 in Israel (Chosak et al., 1979) , 1:4000 in Sweden (Backman and Holmgren, 1988) and as high as 1:700 in the Vasterbotten county of Sweden (Backman and Holm, 1986) . The X-linked form, AIH1, results from mutations in the X-chromosome amelogenin gene (AMELX) and some 12 allelic mutations have already been reported (Hart et al., 2002a,b; Hu and Yamakoshi, 2003) . A second locus for X-linked recessive AI, AIH3, has been mapped to chromosome Xq24-q27.1 (Aldred et al., 1992) . Recent studies have revealed genotype-phenotype correlations with some of the X linked mutations Ravassipour et al., 2000; Li et al., 2003 , Wright et al., 2003 . The autosomal-dominant forms of AI are the most prevalent, representing over 95% of all reported cases and have been shown to be genetically heterogenetic (Karrman et al., 1996) . An autosomal-dominant, local hypoplastic form of AI (AIH2) has been mapped to a 4 Mb region of human chromosome 4q11-q21 that encompasses the gene encoding the ameloblast-specific protein ameloblastin, AMBN (MacDougall et al., 1997) . Lately, identification of a locus on chromosome 2q11 at which recessive AI and cone-rod dystrophy co-segregate has been reported (Downey et al., 2002) . While AI is not in itself a fatal disease, the rapid attrition of teeth and consequent lack of ability to deal with even a soft diet that is characteristic of the condition, must have been a serious handicap to survival in the past. Since skeletal remains of young children are relatively rare, it is not surprising that little evidence of this condition has been found in early hominids, even though the numerous mutations associated with AI suggests that it has a long evolutionary history, despite the associated handicap.
We propose that the enamel defects, reduced radio-opacity, severe attrition relative to the young age of the specimen, together with the location and type of hypoplastic defects seen on the SEM images indicate that the Garba IV child is an early example of AI. While we may never be able to recover DNA from hominins dating to this early period, improved diagnostic techniques are helping us to obtain more precise information about structure and function. This study has provided evidence of a direct genetic link between Homo erectus and modern humans. It enables us to test some of the models for mutation rates that have been put forward by molecular biologists and substantiates modern genetic studies that indicate a long evolutionary history for amelogenesis imperfecta.
